Apoptotic extrusion of cells from epithelial cell layers is of central importance for epithelial homeostasis. As a prerequisite cell-cell contacts between apoptotic cells and their neighbors have to be dissociated. Tricellular tight junctions (tTJs) represent specialized structures that seal polarized epithelial cells at sites where three cells meet and are characterized by the specific expression of tricellulin and angulins. Here, we specifically addressed the fate of tricellulin in apoptotic cells. Methods: Apoptosis was induced by staurosporine or camptothecin in MDCKII and RT-112 cells. The fate of tricellulin was analyzed by Western blotting and immunofluorescence microscopy. Caspase activity was inhibited by Z-VAD-FMK or Z-DEVD-FMK. Results: Induction of apoptosis induces the degradation of tricellulin with time. Aspartate residues 487 and 441 were identified as caspase cleavage-sites in the C-terminal coiled-coil domain of human tricellulin. Fragmentation of tricellulin was inhibited in the presence of caspase inhibitors or when Asp487 or Asp441 were mutated to asparagine. Deletion of the tricellulin C-terminal amino acids prevented binding to lipolysis-stimulated lipoprotein receptor (LSR)/angulin-1 and thus should impair specific localization of tricellulin to tTJs. Conclusions: Tricellulin is a substrate of caspases and its cleavage in consequence contributes to the dissolution of tTJs during apoptosis.
Introduction
Tight junctions (TJs) represent the most apical cell-cell contacts in polarized epithelial cell layers. They form essential barriers for solutes including nutrients, metabolites and toxins as well as ions, thereby separating luminal and external compartments from the interior of multicellular bodies. Accordingly, TJs are also important to exclude pathogens such as bacteria and viruses from organisms. Break-down of this barrier function is associated with different diseases and is involved in inflammatory bowel diseases [1] or in organ failure during sepsis [2, 3] . However, it turned out that TJ components may also represent targets of specific bacteria and viruses to invade cells or tissues resulting in a deregulation of the cytoskeleton or of signaling pathways required for barrier maintenance [4] . Primarily, claudins and occludin form the apical sealing belt between two opposing cells where they are arranged in a network of TJ strands that restricts and regulates paracellular flux depending on the specific claudin composition. The situation is different at tricellular contacts where apical TJs strands of three neighboring cells meet and thus are assumed to represent weak points for the paracellular TJ network [5] . At these tricellular tight junctions, bicellular TJs converge, and TJ strands turn basally and form the so-called central sealing element [6] . These tricellular TJs (tTJs) differ from bicellular TJs (bTJs) by a specific set of proteins including tricellulin [7] and one of the three angulins [8] .
Tricellulin (marvelD2) together with occludin and marvelD3 form the TJ-associated MARVEL protein (TAMP) family of 4-transmembrane-domain proteins with long N-and C-terminal domains caspase cleavage-sites and mutation of these sites protected tricellulin from fragmentation. In addition, we provide evidence that LSR/angulin-1, which anchors tricellulin to tTJs, is also targeted by caspases.
Results

Caspase-Dependent Cleavage of Tricellulin upon Apoptotic Stimuli
To investigate the fate of tricellulin during apoptosis, MDCKII cells were treated with staurosporine as a known inducer of apoptosis [36] . At different time points after addition of staurosporine, both floating and adherent cells were collected and lysed for subsequent Western blot analysis. Already three hours after induction of apoptosis, a time-dependent decline of endogenous tricellulin was detectable compared to DMSO-treated control cells ( Figure 1A,B ). Induction of apoptosis was confirmed by detection of cleaved poly(ADP-ribose)-polymerase (PARP), a well-known effector caspase substrate. The typical PARP cleavage fragment was detectable only in staurosporine-treated cells but not in control cells ( Figure 1A) . Moreover, when camptothecin was used as an alternative apoptosis inducer, the loss of endogenous tricellulin in MDCKII cells was detectable between 8 h and 24 h (Supplementary Figure S1 ). The produced tricellulin cleavage fragments were not detectable using the anti-tricellulin monoclonal antibody (clone 54H19L38). Immunofluorescence microscopy confirmed degradation of tricellulin. Signals for endogenous tricellulin disappeared with time ( Figure 1C ). camptothecin and observed a caspase-dependent cleavage of the C-terminus of tricellulin. We identified two specific caspase cleavage-sites and mutation of these sites protected tricellulin from fragmentation. In addition, we provide evidence that LSR/angulin-1, which anchors tricellulin to tTJs, is also targeted by caspases.
Results
Caspase-Dependent Cleavage of Tricellulin upon Apoptotic Stimuli
To investigate the fate of tricellulin during apoptosis, MDCKII cells were treated with staurosporine as a known inducer of apoptosis [36] . At different time points after addition of staurosporine, both floating and adherent cells were collected and lysed for subsequent Western blot analysis. Already three hours after induction of apoptosis, a time-dependent decline of endogenous tricellulin was detectable compared to DMSO-treated control cells ( Figure 1A,B ). Induction of apoptosis was confirmed by detection of cleaved poly(ADP-ribose)-polymerase (PARP), a wellknown effector caspase substrate. The typical PARP cleavage fragment was detectable only in staurosporine-treated cells but not in control cells ( Figure 1A ). Moreover, when camptothecin was used as an alternative apoptosis inducer, the loss of endogenous tricellulin in MDCKII cells was detectable between 8 h and 24 h (Supplementary Figure S1 ). The produced tricellulin cleavage fragments were not detectable using the anti-tricellulin monoclonal antibody (clone 54H19L38). Immunofluorescence microscopy confirmed degradation of tricellulin. Signals for endogenous tricellulin disappeared with time ( Figure 1C ). From our observations, we hypothesized that tricellulin like occludin [35] is a caspase target during apoptosis. To verify that the loss of tricellulin is indeed the consequence of caspase cleavage MDCKII cells were pre-treated with the pan-caspase inhibitor Z-VAD-FMK or the caspase-3 inhibitor Z-DEVD-FMK before adding staurosporine. Both caspase inhibitors significantly reduced degradation of endogenous tricellulin ( Figure 1D ). Inhibition of caspase activity was confirmed by the reduced formation of the PARP cleavage-fragment. A similar effect was obtained in RT-112 cells (bladder carcinoma) ( Figure 1E ) showing that the observed effect is not restricted to MDCKII cells.
Mapping of Potential Caspase Cleavage-Sites in Tricellulin
For prediction of possible caspase cleavage-sites in human tricellulin, the online software tool CaspDB [37] was applied. Two potential caspase cleavage-sites with the highest scores were predicted in the C-terminal domain of human tricellulin after amino acid aspartate 487 (D487) and/or aspartate 441 (D441) (Figure 2A ). To confirm caspase-3-mediated cleavage in the C-terminal domain of tricellulin, we expressed and purified a GST-TricC fusion protein as reported previously [29, 31] and applied in vitro digestion using recombinant active caspase-3. In the presence of caspase-3, two additional fragments with a molecular mass of about 40 and 35 kDa were detectable by Western blot analysis, representing potential caspase-3 cleavage-products. The molecular mass of these fragments coincides with the predicted molecular weight of GST-TricC fragments when cleaved at D487 (frag1,~41 kDa) and D441 (frag2,~35 kDa) ( Figure 2B ). Remarkably, fragment 1 is generated earlier and more efficiently than fragment 2, suggesting that D487 is the preferred caspase-3 cleavage-site and D441 appears to be used as a sequential second site after cleavage at D487. Addition of the pan-caspase inhibitor Z-VAD-FMK inhibited the generation of both GST-TricC fragments ( Figure 2C ). As control, purified recombinant GST alone was analyzed for caspase-3 cleavage, but no fragmentation was detectable ( Figure 2D ). Finally, we generated GST-TricC-D487N, GST-TricC-D441N and GST-TricC-D441N/D487N double mutant constructs and subjected them to in vitro cleavage-assays with recombinant caspase-3. Consistent with our previous results, caspase cleavage of GST-TricC-D487N only resulted in formation of fragment 2 (frag2), whereas cleavage of GST-TricC-D441N only generated fragment 1 (frag1). The GST-TricC-D441N/D487N double-mutated construct was no longer cleaved by recombinant caspase-3 ( Figure 2E ). To validate the in vitro results, N-terminally FLAG 3 -tagged human tricellulin was transiently transfected into MDCKII cells. Cells were subsequently treated with or without staurosporine for 6 h in the presence or absence of pan-caspase inhibitor Z-VAD-FMK and the caspase-3 inhibitor Z-DEVD-FMK, respectively. After induction of apoptosis, two bands with a molecular weight of about 55 kDa and 65 kDa were detectable ( Figure 3A ). Fragmentation was abrogated in the presence of each of the caspase inhibitors. In contrast to wildtype FLAG 3 -Tric, transient transfection of a mutated FLAG 3 -Tric-D441N construct abolished the generation of caspase-3 cleavage product frag 2 (~55 kDa) upon induction of apoptosis with staurosporine. Generation of cleavage-product frag 1 (~65 kDa) was not affected. Transfection of mutated FLAG 3 -Tric-D487N revealed no fragment 1 and only to a very limited amount fragment 2. When the double-mutated FLAG 3 -Tric-D441N/D487N was transfected, none of the fragments was detectable. These observations suggest that cleavage at D487 supports caspase-3-mediated cleavage at D441 ( Figure 3B ). Taken together, these results confirm D487 and D441 as potential caspase-sites in human tricellulin that are targeted in apoptotic cells. To validate the in vitro results, N-terminally FLAG3-tagged human tricellulin was transiently transfected into MDCKII cells. Cells were subsequently treated with or without staurosporine for 6 h in the presence or absence of pan-caspase inhibitor Z-VAD-FMK and the caspase-3 inhibitor Z-DEVD-FMK, respectively. After induction of apoptosis, two bands with a molecular weight of about 55 kDa and 65 kDa were detectable ( Figure 3A ). Fragmentation was abrogated in the presence of each of the caspase inhibitors. In contrast to wildtype FLAG3-Tric, transient transfection of a mutated FLAG3-Tric-D441N construct abolished the generation of caspase-3 cleavage product frag 2 (~ 55 kDa) upon induction of apoptosis with staurosporine. Generation of cleavage-product frag 1 (~ 65 kDa) was not affected. Transfection of mutated FLAG3-Tric-D487N revealed no fragment 1 and only to a very limited amount fragment 2. When the double-mutated FLAG3-Tric-D441N/D487N was transfected, none of the fragments was detectable. These observations suggest that cleavage at D487 supports caspase-3-mediated cleavage at D441 ( Figure 3B ). Taken together, these results confirm D487 and D441 as potential caspase-sites in human tricellulin that are targeted in apoptotic cells. 
The Functional Interaction of Tricellulin and LSR Is Disrupted during Apoptosis
Tricellulin is recruited to tTJs by lipolysis-stimulated lipoprotein receptor (LSR/angulin-1) in epithelial and endothelial cells [38, 39] . This interaction is mediated by the cytosolic C-terminus of tricellulin [17] . In this context, the question arises if caspase-mediated cleavage within the cytosolic C-terminus of tricellulin affects its interaction with LSR. Therefore, co-immunoprecipitation experiments were performed using cell lysates obtained from HEK-293 cells transiently transfected with LSR together with either full-length tricellulin or deletion constructs lacking amino acids 487-558 (FLAG 3 -Tric∆487-558), amino acid 441-558 (FLAG 3 -Tric∆441-558) or complete cytosolic C-terminus (FLAG 3 -Tric∆C) ( Figure 4A ). Confirming literature, co-transfection of FLAG 3 -Tric and green fluorescent protein GFP-tagged LSR in HEK-293 cells revealed an interaction of both proteins in co-immunoprecipitation experiments, whereas FLAG 3 -Tric∆C did only show a weak signal for GFP-LSR ( Figure 4B ). Similar to FLAG 3 -Tric∆C, an interaction between GFP-LSR and FLAG 3 -Tric∆487-558 or FLAG 3 -Tric∆441-558 protein lacking the cytosolic C-terminal parts released by caspases was not detectable ( Figure 4B ). In this context, it is interesting to note that, in a Western blot experiment, using the anti-tricellulin (clone 54H19L38) ABfinity TM rabbit monoclonal antibody generated against amino acids 369-558 of human tricellulin did no longer detect neither the FLAG 3 -Tric∆487-558 nor the FLAG 3 -Tric∆441-558 protein in transiently transfected cells, thus suggesting that the epitope of this antibody is located between amino acids 487-558 (Supplementary Figure S2) . These results indicate that caspase-mediated cleavage of tricellulin liberates it from angulin and thus from tTJs. However, this does not exclude that LSR/angulin-1 itself is targeted during apoptosis. Therefore, we next analyzed the fate of LSR/angulin-1 after induction of apoptosis in MDCKII cells. Indeed, staurosporine treatment led to a fragmentation of endogenous LSR/angulin-1 with time. Already 4 h after induction of apoptosis, four fragments of LSR were detectable using an anti-LSR antibody targeting the cytosolic part of LSR ( Figure 5A ). LSR/angulin-1 cleavage during apoptosis was inhibited by both caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK. This indicates that LSR fragmentation is a consequence of caspase activation during apoptosis ( Figure 5B ). These results indicate that caspase-mediated cleavage of tricellulin liberates it from angulin and thus from tTJs. However, this does not exclude that LSR/angulin-1 itself is targeted during apoptosis. Therefore, we next analyzed the fate of LSR/angulin-1 after induction of apoptosis in MDCKII cells. Indeed, staurosporine treatment led to a fragmentation of endogenous LSR/angulin-1 with time. Already 4 h after induction of apoptosis, four fragments of LSR were detectable using an anti-LSR antibody targeting the cytosolic part of LSR ( Figure 5A ). LSR/angulin-1 cleavage during apoptosis was inhibited by both caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK. This indicates that LSR fragmentation is a consequence of caspase activation during apoptosis ( Figure 5B ). 
Discussion
Release of apoptotic cells from epithelial and endothelial layers is critical for the maintenance of the barrier function and is often accompanied with a corresponding local decrease of transepithelial resistance [40] . In the gut, it is of importance that apoptotic cells, which are continuously extruded from the epithelium, do not generate microbial entry sites. Thus, it was not surprising that, in epithelial cell layers, there are mechanisms that efficiently break-down cell-cell contacts between apoptotic and neighboring cells. In previous studies, it was shown that components of the cadherincatenin adhesion complex are targets of caspases. The adherens junction proteins E-and VE-cadherin are both cleaved by metalloproteinases, resulting in a release of the extracellular domain and thereby disrupting their trans-interactions with cadherin molecules on the surface of neighboring cells. Caspases are responsible for the cleavage of the cytosolic domains, thus disconnecting the interaction with the actin cytoskeleton [36, 41] . Moreover, β-catenin as a linker between E-cadherin and the actin cytoskeleton is a caspase target itself [42] . Along with the adherens junctions, desmosomal cadherins 
Release of apoptotic cells from epithelial and endothelial layers is critical for the maintenance of the barrier function and is often accompanied with a corresponding local decrease of transepithelial resistance [40] . In the gut, it is of importance that apoptotic cells, which are continuously extruded from the epithelium, do not generate microbial entry sites. Thus, it was not surprising that, in epithelial cell layers, there are mechanisms that efficiently break-down cell-cell contacts between apoptotic and neighboring cells. In previous studies, it was shown that components of the cadherin-catenin adhesion complex are targets of caspases. The adherens junction proteins E-and VE-cadherin are both cleaved by metalloproteinases, resulting in a release of the extracellular domain and thereby disrupting their trans-interactions with cadherin molecules on the surface of neighboring cells. Caspases are responsible for the cleavage of the cytosolic domains, thus disconnecting the interaction with the actin cytoskeleton [36, 41] . Moreover, β-catenin as a linker between E-cadherin and the actin cytoskeleton is a caspase target itself [42] . Along with the adherens junctions, desmosomal cadherins and components of the cytosolic desmosomal plaque are inactivated similarly during apoptosis [43] . In addition, occludin, ZO-1 and ZO-2 were identified as caspase substrates [35] . Here, we extended this study to tricellulin and show that the C-terminal cytosolic tail of tricellulin is also targeted by caspases independent from whether apoptosis is induced by staurosporine or camptothecin and also independent from the cell system, in that case MDCKII or RT-112 cells. We identified two cleavage sites in tricellulin and mapped them C-terminal to Asp441 and Asp487. Specificity of cleavage was verified by treatment with caspase inhibitors and by mutation of the corresponding aspartate to asparagine, preventing the formation of cleavage fragments both in apoptotic cells as well as in in vitro fragmentation assays.
From our experiments, we conclude that D487 is the preferred cleavage-site. This is based on the observation that the corresponding cleavage-fragment was detectable far earlier as compared to the product generated by cleavage at D441 in in vitro cleavage-assays ( Figure 2B ). Moreover, it seems that initial cleavage at D487 is prerequisite for efficient cleavage at D441. This was confirmed by analyzing FLAG-tagged tricellulin where caspase cleavage-sites were mutated. The induction of apoptosis in cells transfected with wildtype FLAG 3 -tricellulin revealed two cleavage fragments. However, in cells transfected with FLAG 3 -tricellulin-D487N, a fragment generated by cleavage at D441 was more or less not detectable, most likely due to the lack of the initial cleavage at D487 ( Figure 3B ).
Caspase cleavage of tricellulin liberates a fragment of 71 C-terminal amino acids containing a region known to form a coiled-coil dimer [10] . This fragment was not detectable, even not when using high percentage SDS-PAGE gels, either because this small fragment escaped detection on Western blots or due to further degradation. Based on our observations, the antibody used in this study appears to bind to this fragment since truncated tricellulin where the C-terminus is deleted after D487 was no longer detectable. Definitively, it is worth testing by other methods if this fragment is detectable and of functional relevance. Not only due to its size can it easily translocate to the nucleus where it might be involved in transcriptional regulation, as shown for the amyloid precursor protein intracellular domain (AICD) [44] or the Notch intracellular domain (NICD) [45] . It has also been reported that nuclear localization of full-length tricellulin in pancreatic cancer promotes cell proliferation and invasiveness [46] .
Based on our studies, we cannot exclude that the remaining tricellulin N-terminal part undergoes further processing steps as observed for occludin. There, the induction of apoptosis leads to caspase cleavage in the cytosolic C-terminus and to further fragmentation by metalloproteinases probably in the first extracellular loop [35] . First evidence for a potential contribution of metalloproteinases is provided by a study in Caco2 cells, where MMP-2-and MMP-3-catalyzed degradation of tricellulin is induced by N-3-(oxododecanoyl)-homoserine lactone (C12-HSL) [47] .
A consequence of caspase cleavage and the concomitant release of the tricellulin C-terminal fragment is the disruption of the ZO-protein-mediated linkage of tricellulin to the actin cytoskeleton. Moreover, loss of the C-terminal amino acids might impair localization of tricellulin to tTJs by LSR/angulin-1. However, we observed that also LSR/angulin-1 is fragmented after induction of apoptosis. We conclude that, during apoptosis, tTJs are targeted at more than one level.
Taken together, here we showed that tricellulin is efficiently targeted by caspases in apoptotic cells within its C-terminal coiled-coil domain at D487 and D441. This together with concomitant cleavage of LSR/angulin-1 may contribute to a coordinated release of apoptotic cells from cell layers as it occurs continuously in the gastrointestinal tract at high frequency.
Materials and Methods
Cell Culture
Madine-Darby canine kidney II (MDCKII) cells were cultured in MEM with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. Human bladder carcinoma cells (RT-112) as well as human embryonal kidney-293 cells (HEK-293) were cultivated in DMEM with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin using standard procedures as described elsewhere [31] .
Reagents and Antibodies
Staurosporine was obtained from AppliChem GmbH (Darmstadt, Germany), caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK as well as recombinant active caspase-3 were obtained from BD Biosciences (Heidelberg, Germany). Monoclonal anti-FLAG ® M2 antibody was purchased from Sigma-Aldrich (Taufkirchen, Germany), anti-tricellulin (clone 54H19L38) ABfinity™ rabbit monoclonal antibody was from ThermoFisher Scientific (Darmstadt, Germany), anti-LSR (D3E3N) and anti-βactin (8H10D10) antibodies were obtained from Cell Signaling Technology (Frankfurt am Main, Germany) and anti-PARP (Ab-2) antibody was from Calbiochem (#AM30) (Merck KGaA, Darmstadt, Germany). Rabbit anti-GST antibody was provided by Jürgen Wienands. Goat anti-mouse-HRP and goat anti-rabbit-HRP antibodies were purchased from Sigma-Aldrich (Taufkirchen, Germany) and Alexa-Fluor™594-labeled secondary antibody was obtained from Molecular Probes (ThermoFisherScientific, Darmstadt, Germany). Dilution of the antibodies is summarized in Table 1 . 
Plasmids, Site-Directed Mutagenesis and Transient Transfections
Plasmids were cloned by standard procedures and verified by sequencing. The cloning of p3xFLAG-CMV10-Tric and p3xFLAG-CMV10-Tric∆C constructs was described previously [15] . To generate caspase cleavage-site mutated tricellulin variants, site-directed mutagenesis of the potential caspase cleavage-sites at positions D441 and D487 to asparagine was performed by SBOE (splicing by overlap extension)-PCR. Oligonucleotides used for the SBOE-PCR reactions are summarized in Table 2 . The mutated tricellulin cDNAs were cloned into the vector p3xFLAG-CMV10 (Sigma-Aldrich, Taufkirchen, Germany) using BamHI restriction site. The C-terminal tricellulin deletion constructs Tric∆441-558 and Tric∆487-558 were generated by PCR using the oligonucleotides 5 -CGG ATC CTC AAA TGA TGG AAG ATC CAG-3 as forward primer and 5 -CGG ATC CTT AGG GCA TCA CGA TAG GTT TAG-3 or 5 -GGA TCC TTA CAG CTC ATC AAA CTT CCT CA-3 as reverse primers, respectively, and cloned into the BamHI restriction site of p3xFLAG-CMV10 (Sigma-Aldrich, Taufkirchen, Germany). For recombinant expression of the tricellulin C-terminal cytosolic domain, pGEX4T1-TricC described previously [31] was used. The caspase-site mutated variants of GST-TricC were constructed by PCR employing oligonucleotides 5 -GCG GGA TCC ATG TGG AGG CAT GAG GCA GCT C-3 and 5 -GCG GGT ACC GGA TCC TTA AGA ATA ACC TTG TAC ATC-3 using p3xFLAG-CMV10-Tric-D441N, -D487N or -D441N/D487N as templates. After digestion with BamHI, the amplified products were ligated into BamHI-cleaved and dephosphorylated pGEX4T1 (GE Healthcare, Freiburg, Germany). pCAGGS-LSR for expression of GFP-tagged LSR was obtained from Mikio Furuse and described in [17] .
MDCKII and HEK-293 cells were transiently transfected with the indicated plasmids using a DNA:PEI (poyethylenimine) ratio of 1:4 as described previously [48] . Cells were seeded in 6-well plates (2 × 10 5 cells for MDCKII and 5 × 10 5 HEK-293 cells per well one day before transfection. For transiently transfected HEK-293 or MDCKII cells, one or two 6-wells were lysed per sample. Empty vectors were transfected as a control. Table 2 . Sequences of oligonucleotides used to generate mutated tricellulin constructs. The bases marked in red represent those bases that differ from the wild-type sequence to generate the indicated mutations.
Mutation
Product Sequence Oligonucleotides 
Induction of Apoptosis and Preparation of Cell Lysates
MDCKII cells were plated on 6-well plates (2 × 10 5 cells per well for transfection; 8 × 10 5 cells per well without transfection) or 12-well plates (4 × 10 5 cells per well) and optionally transfected as described above. One day after seeding or transfection, apoptosis was induced by treatment with 1 µM staurosporine. Cells were lysed at the indicated time points. For inhibition of caspase activity, 10 µM Z-VAD-FMK or 20 µM Z-DEVD-FMK were added 1 h before induction of apoptosis for 6 h. Both floating and adherent cells from one well were harvested and pooled. Cells were lysed with 80 µL (12-well) or 100/150 µL (6-well) ice-cold modified RIPA-buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5% (w/v) sodium-deoxycholate, 0.1% (v/v) SDS, 1% (w/v) Nonidet P-40 including Complete™ protease inhibitor mix (Roche Life Science, Mannheim, Germany)) for at least 15 min on ice. After sonication (15 pulses; cycle 0.5; 70% amplitude; UP100H ultrasound processor, Hilscher Ultrasound Technology, Teltow, Germany) the lysates were centrifuged (10 min, 20,800× g, 4 • C) to remove insoluble cell components.
In Vitro Caspase Cleavage
Recombinant glutathione S-transferase (GST)-tagged c-cytosolic (amino acids 366-558) domain of tricellulin wild type and mutant (D441N; D487N; D441N/D487N) proteins were expressed and purified as reported elsewhere [49] . In total, 4 µg of recombinant protein was digested with 150 ng of recombinant, active caspase-3 (BD Biosciences, Heidelberg, Germany) in 20 mM Pipes pH 7.2, 100 mM NaCl, 1 mM EDTA, 10% (w/v) sucrose, 10 mM DTT and 0,1% (w/v) CHAPS at 37 • C for the indicated incubation times. For inhibition of the in vitro caspase cleavage, 10 µM of pan-caspase inhibitor Z-VAD-FMK or DMSO as a control was added. Finally, samples were analyzed by SDS-PAGE and Western blot analysis.
Cell Lysis and Co-Immunoprecipitation
HEK-293 cells were seeded in 6-well plates and transfected (1µg DNA each construct) with PEI as described above. Cells (two 6-wells) were harvested 48 h after transfection and lysed in 300 µL ice-cold modified RIPA-buffer including Complete™ protease inhibitor mix (Roche Life Science, Mannheim, Germany) for 20 min on ice. After lysis, samples were centrifuged (10 min, 20,800× g, 4 • C) to remove insoluble material. For co-immunoprecipitation experiments, 200 µL lysate was incubated with 2 µg of anti-FLAG ® M2 antibody for 1 h at 4 • C under constant rotation. Subsequently, 30 µL of equilibrated Protein A Sepharose CL-4B beads (GE Healthcare, Freiburg, Germany) were added and incubated for further 30 min. Finally, beads were washed for three times with lysis buffer and protein complexes were eluted using 2 × SDS-loading buffer at 95 • C for 5 min. Samples were separated by SDS-PAGE and subsequently analyzed by Western blotting. For each experiment, 10 µL of cell lysate (5% of input) was loaded as a control.
Western Blot Analysis
Cell lysates were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane by tank blotting. After blocking with 5% (w/v) dry milk in Tris-buffered saline/Tween20 (TBS-T) for 1 h, membranes were incubated with the primary antibodies overnight at 4 • C and with horseradish peroxidase (HRP)-labeled secondary antibody at least for 1 h at room temperature (Table 1) .
Immunofluorescence Microscopy
For immunofluorescence microscopy, MDCKII cells were seeded on transwell filter supports (Millicell Cell Culture Insert, 12 mm, 0.4 µm, Merck Millipore, Darmstadt, Germany) with a density of 150,000 cells/cm 2 . At day 7, cells were treated with 1 µM staurosporine or DMSO for 4 h and 7 h. Subsequently, the cells were fixed with 2% paraformaledhyde in PBS and stained with 1 µg/mL anti-tricellulin (clone 54H19L38) antibody for 18 h at 4 • C followed by secondary antibody incubation (donkey anti-rabbit, Alexa-594 conjugated) for 1 h at room temperature. Nuclei were labeled using DAPI (Sigma-Aldrich, Taufkirchen, Germany). Images (z-stacks) were acquired with a laser scanning system TC/SP5 (Leica Microsystems, Wetzlar, Germany) and were maximum intensity projected. 
Acknowledgments:
We thank Mikio Furuse for the GFP-tagged LSR expression vectors. Expert technical assistance by Manuela Neumann is gratefully acknowledged.
Conflicts of Interest:
The authors declare no conflict of interest. Zona occludens-1 Z-DEVD-FMK N-Benzyloxycarbonyl-Asp-Glu-Val-Asp(OMe) fluoromethylketone Z-VAD-FMK N-Benzyloxycarbonyl-Val-Ala-Asp(OMe) fluoromethylketone
Abbreviations
